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In Brief
Sugie et al. show that presynaptic active
zones can undergo molecular remodeling
in vivo. Activation of postsynaptic
neurons feeds back to control Drosophila
photoreceptor active zone composition
via the divergent canonical Wnt pathway
and the regulation of microtubule
stability.
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Neural activity contributes to the regulation of the
properties of synapses in sensory systems, allowing
for adjustment to a changing environment. Little is
known about how synaptic molecular components
are regulated to achieve activity-dependent plas-
ticity at central synapses. Here, we found that after
prolonged exposure to natural ambient light the
presynaptic active zone in Drosophila photorecep-
tors undergoes reversible remodeling, including
loss of Bruchpilot, DLiprin-a, and DRBP, but not of
DSyd-1 or Cacophony. The level of depolarization
of the postsynaptic neurons is critical for the light-
induced changes in active zone composition in
the photoreceptors, indicating the existence of a
feedback signal. In search of this signal, we have
identified a crucial role of microtubule meshwork
organization downstream of the divergent canonical
Wnt pathway, potentially via Kinesin-3 Imac. These
data reveal that active zone composition can be
regulated in vivo and identify the underlying molecu-
lar machinery.
INTRODUCTION
The remarkable ability of the nervous system to respond or adapt
to changing environmental stimuli relies on the modulation of
synaptic function. Onemajor way of controlling synaptic strength
is by tuning the presynaptic vesicle release probability (Alabi and
Tsien, 2012). However, it is unclear how this is achieved in
response to a changing environment.
Vesicle release takes place at the active zone (AZ), a dedicated
region of the presynaptic membrane (Couteaux and Pe´cot-
Dechavassine, 1970). The electron-dense cytoplasmic matrix
at the AZ (CAZ) is formed by a set of specialized proteins (Schochand Gundelfinger, 2006; Su¨dhof, 2012) largely conserved in
worms, insects, andmammals (Owald and Sigrist, 2009; Su¨dhof,
2012). Recent studies point to an important role of the organiza-
tion of the AZ in controlling synaptic transmission. For instance,
the probability of neurotransmitter release strongly correlates
with the amount of fluorescent protein-tagged AZ component
Bassoon orwith the enrichment of endogenous Rab3-interacting
molecule (RIM) at specific synapses (Davydova et al., 2014; Laz-
arevic et al., 2011; Matz et al., 2010). Prolonged silencing of rat
neuronal cultures leads to a significant decrease of total expres-
sion levels of presynaptic proteins ELKS/CAST, Bassoon,
Piccolo, Munc13, Liprin-a, and Synapsin (Lazarevic et al.,
2011). Further, Liprin-a2 localization at AZs of cultured mouse
hippocampal neurons depends on activity, and Liprin-a2 levels
regulate the probability of vesicle release (Spangler et al.,
2013). However, the molecular mechanism mediating neural
activity-dependent synaptic plasticity by adjusting the relative
level of AZ components has remained unknown.
Taken together, these data suggest that the level of neuronal
activity might regulate the molecular composition of the AZ,
which in turn would contribute to regulate the functional output.
It is thus an attractive hypothesis that the molecular composition
of synapses can be modulated in vivo.
Photoreceptors display complex AZ structures in a wide range
of organisms, including mammals and insects (Zhai and Bellen,
2004). The ribbon synapses of rodent photoreceptors, for
instance, are prominent assemblies thought to allow signal
transmission over large dynamic ranges with a rapid replenish-
ment of the vesicle pool (LoGiudice and Matthews, 2009; Mat-
thews and Fuchs, 2010). Subsets of insect synapses, including
those within photoreceptors, display T-shaped ribbon-like struc-
tures tethering synaptic vesicles (Koenig et al., 1993; Prokop and
Meinertzhagen, 2006). The Brp/CAST/ELKS family protein
Bruchpilot (Brp) is critical for the structure of the T-bar at the
Drosophila NMJ, and a C-terminal region of Brp is essential for
synaptic vesicle tethering (Hallermann et al., 2010; Wagh et al.,
2006). In brp mutants, the density of the Ca2+ channel Cacoph-
ony (Cac) at the AZ is reduced, and evoked vesicle release is
depressed, pointing to the central role of this molecule in AZNeuron 86, 711–725, May 6, 2015 ª2015 Elsevier Inc. 711
organization and function (Fouquet et al., 2009; Kittel et al., 2006;
Matkovic et al., 2013). The conserved RIM-binding protein
(DRBP) contributes to the configuration of Brp cluster and
T-bar, and to the functional output of the synapse, affecting
Cac density and neurotransmitter release (Liu et al., 2011). Brp
directly binds Drosophila Syd-1 (DSyd-1), a conserved PDZ,
C2, and Rho GAP domain protein that localizes to the outer rim
of larval NMJ AZs and contributes to the organization of the
T-bar (Owald et al., 2010). DSyd-1 localization represents an
early step in AZ formation and recruits Brp and another essential
and conserved AZ component, Syd-2/DLiprin-a (Ko et al., 2003;
Owald et al., 2010; Patel et al., 2006; Wentzel et al., 2013). Within
the motorneurons of C. elegans or of Drosophila larva, Syd-2/
DLiprin-a localizes at the AZ and controls AZ size (Dai et al.,
2006; Kaufmann et al., 2002; Kittelmann et al., 2013; Patel
et al., 2006; Zhen and Jin, 1999). It is an appealing hypothesis
that the molecular interactions contributing to AZ assembly
during development might be involved in plasticity in the adult
animal.
Here, we addressed the hypothesis that environmental stimuli
can change the molecular composition of the AZ in vivo. We
report the reversible molecular remodeling of photoreceptor
AZs in the Drosophila visual system after mild, but prolonged,
exposure to light. In these conditions, we observed that the num-
ber of Brp-positive AZswas reduced in the photoreceptor axons.
Corresponding to the loss of Brp, the number of T-bars detected
in electron micrographs was also reduced. Further, DLiprin-a
and DRBP were eliminated from the AZs and became diffusely
distributed. In contrast, DSyd-1 and Cac localization appeared
unmodified. We revealed that this delocalization of AZ compo-
nents was the result of suppression of activity in postsynaptic
histamine receptor-positive cells, indicating a feedback compo-
nent. Within the photoreceptor the signal triggering AZ remodel-
ing involved the divergent canonical Wnt pathway, yielding
microtubule destabilization, and the Kinesin-3/Unc-104/Immac-
ulate connections (Imac). Our data demonstrate that the molec-
ular organization of AZs can be regulated in vivo and identify the
molecular activity-controlled feedback mechanism that modu-
lates AZ organization.
RESULTS
Constant Light Stimulation Changes the Localization of
Brp in R8 Photoreceptors
The compound eye of Drosophila comprises 780 ommatidia,
each containing eight types of photoreceptors (R1–R8). R7 and
R8 project their axons to the second optic ganglion, the medulla,
where they form synapses in layers M6 and M3, respectively
(Figure 1A) (Fischbach and Dittrich, 1989). To investigate the
effect of prolonged exposure to light on the molecular composi-
tion of photoreceptor synapse AZs, we fluorescently labeled
endogenous Brp within R8 photoreceptors using the synaptic
tagging with recombination (STaR) method (Chen et al., 2014).
The resulting Brp-GFP BAC product localized to distinct puncta
within R8 in the medulla (Figure 1B). Consistent with a previous
electron microscopy study, we counted 35.5 ± 4.6 puncta per
R8 axon (Takemura et al., 2008). Other studies reported a higher
number of puncta in R8 (Chen et al., 2014), potentially due to712 Neuron 86, 711–725, May 6, 2015 ª2015 Elsevier Inc.different detection levels. To manipulate photoreceptor activity,
we exposed flies to light conditions comparable to daylight for
an extended period of time that does not induce retinal degener-
ation due to phototoxicity (Soukup et al., 2013). Adult flies were
kept for 1–3 days in constant light (LL) after eclosion and
compared to control flies kept in 12-hr light/12-hr dark cycle
(LD) or constant darkness (DD) for the same period of time (Fig-
ure 1C). We found that the number of Brp discrete puncta was
significantly reduced in R8 photoreceptors of flies kept in LL
(28.4 ± 4.8; p < 0.0001) (Figures 1D–1G).
To highlight Brp localization with an independent tool and
allow more flexibility in genetic experiments, we expressed fluo-
rescently tagged Brp-short-cherry (Fouquet et al., 2009) in R8
photoreceptors withRh6-Gal4 (Tahayato et al., 2003) (Figure S1).
Brp-short-cherry comprises a central coiled-coil fragment of Brp
and faithfully labels Brp-positive AZs (Fouquet et al., 2009; Go´r-
ska-Andrzejak et al., 2013; Kremer et al., 2010) (Figures S1D,
S1E, and S1G). In fact, Brp-short-cherry labeled the same sub-
set of AZs as Brp-GFP BAC in LD and LL (Figures S1A–S1C).
Flies kept in LL had significantly fewer Brp-short-cherry discrete
puncta than LD or DD flies (Figures S1B and S1F–S1I). In addi-
tion, Brp-short-cherry became diffuse in LL (arrow in Figures
S1B, S1F, S1J, and S1K), potentially due to inappropriate pro-
cessing of the Brp-short fragment after release from the AZ.
These effects were not related to potential changes in Rh6-
Gal4-controlled expression levels in the different conditions (Fig-
ures S2A–S2C).
When the flies were returned to 12-hr darkness following a day
in LL the delocalization of Brp-short-cherry was reverted, and
discrete Brp-short-cherry puncta were again detectable in R8
axons at levels comparable to control (Figures S2D and S2E).
Thus, light stimulation canmodify AZs reversibly. The delocaliza-
tion of Brp-short-cherry could be induced even when starting the
LL exposure 5 days post-eclosion and thus well beyond a
potential early critical phase in the fly visual system (Barth
et al., 1997) (Figures S2D–S2G). Further, circadian rhythm alone
was not sufficient to modify the number of Brp puncta (Figures
S2H and S2J).
We exposed flies to ambient light for periods matching long
summer days in northern countries to address whether the num-
ber of Brp-positive puncta could be altered in natural conditions.
We found that already 15, 18, or 21 hr of exposure to ambient
light sufficed to reduce the number of Brp-positive puncta in
the photoreceptors (Figures S2I and S2J). Thus, loss of Brp
puncta is a reversible, physiological response to prolonged
exposure to light.
Exposure to LL Induces Loss of T-Bars in
Photoreceptors
To understand the structural correlates of these molecular
changes, we next examined AZ T-bars in photoreceptors by
electronmicroscopy (Meinertzhagen andO’Neil, 1991).We iden-
tified R7 and R8 in themedulla of fliesmaintained in DD or LL and
analyzed their T-bars (Figures 2A–2D). The T-bar platform length
was not modified in LL (Figure 2I).
AZ T-bars can be readily identified in electron micrographs at
tetrad synapses in the ordered lamina cartridges allowing for un-
biased quantifications of their numbers (Figures 2E and 2F)
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Figure 1. Redistribution of the AZ Structural Component Brp in R8 Photoreceptors after Extended Exposure to Light
(A) Scheme of the Drosophila visual system. The outer photoreceptors R1–R6 (blue) terminate in the lamina. The inner photoreceptors R7 (red) and R8 (green)
project axons into the medulla reaching to layers M6 and M3, respectively. The dotted box indicates the area shown in the scheme and in (B).
(B) Projection of a confocal stack through the medulla layers M1–M6, showing in R8s Brp-GFP BAC puncta (green) generated with STaR (Chen et al., 2014) using
senseless-FLP recombinase. Anti-CadN antibody (blue) highlights the medulla layers, and mAb24B10 (red) highlights the R7 and R8 photoreceptor axons in this
and following panels. Scale bar, 10 mm.
(C) Light exposure protocols after eclosion. DD, continuous darkness; LD, 12-hr light/12-hr dark; LL, constant exposure to light. Fly brains were dissected at the
times indicated by the brackets.
(D–F) Projections of confocal stacks through the M1–M3 medulla layers showing Brp-GFP BAC puncta (green) in a single R8 axon of flies exposed to DD (D), LD
(E), or LL (F). Scale bar, 5 mm.
(G) Boxplot comparing the total number of Brp-GFP BAC puncta per axon in DD, LD, and LL. In this and all following boxplots, the boxes show median and
interquartile range; thewhiskers show theminima/maxima. The number of Brp-GFP BACpuncta in LL (227 axons/11 brains) is reduced compared to LD (107/5) or
DD (83/7). In this and all following boxplots ***p < 0.0001, n.s. p > 0.05; unpaired t test with Welch’s correction two-tailed. See also Figures S1 and S2.(Meinertzhagen and O’Neil, 1991). Consistent with the loss of the
major structural component Brp (Fouquet et al., 2009) (Figures
S3A–S3D), the number of photoreceptor T-bars detected in
random sections of the lamina cartridges was significantly
reduced after exposure to LL (Figure 2J). Similarly to the medulla
data, the length of the remaining T-bar platforms was not altered
(Figures 2G, 2H, and 2K). Further, the number of synaptic vesi-
cles in close proximity of the T-bars was unaltered in LL, sug-
gesting that the docking capacity of the remaining T-bars was
not modified (Figures 2G, 2H, and 2L).
Taken together, prolonged exposure to ambient light yields
transient loss of T-bars. Lacking evidence for a compensatory
mechanism at the remaining AZs, we surmise that the net effect
of the LL-induced changes could be a reduction in neurotrans-mitter release from the photoreceptors. In fact, the response to
a moving bar in the fly visual field of the medulla Tm9 neuron,
postsynaptic to R8, was reduced after LL (Figures S3E and
S3F) (Gao et al., 2008).
LL Stimulation Yields Delocalization of DLiprin-a and
DRBP, but Not of DSyd-1 or Cac
The shift in Brp localization after prolonged exposure to light indi-
cated that molecular changes take place at the AZ. We thus
addressed the localization pattern of additional AZ components
in different light conditions. Utilizing GFP-tagged constructs, we
visualized the localization of DLiprin-a, DRBP, DSyd-1, and Cac
in R8 (Figures 3A–3I) (Fouquet et al., 2009; Kawasaki et al., 2004;
Owald et al., 2010). GFP-DLiprin-a localized primarily at discreteNeuron 86, 711–725, May 6, 2015 ª2015 Elsevier Inc. 713
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Figure 2. The Number of T-Bars Is Reduced in LL, but Their Size Is Not Modified
(A–D) Electron micrographs of cross-sections of R7/8 photoreceptor axons in the medulla of flies exposed to DD (A and C) or LL (B and D). The boxed region in (A)
and (B) contains a T-bar and is magnified in (C) and (D), respectively.
(E–H) Electronmicrographs of randomly selected cross-sections of a lamina cartridge of flies exposed to LD (E andG) or LL (F andH). Arrows in (E) and (F) indicate
the T-bars in the synaptic terminals of the six photoreceptor cells (shaded in blue). (G) and (H) show T-bars in R1–R6 in lamina of flies exposed to LD (G) or LL (H).
Arrowheads indicate the T-bar platform ends (C, D, G, and H). The dotted lines indicate a radius of 200 nm and 400 nm from the T-bar center, respectively
(G and H). Scale bars in (A), (B), (E), and (F), 1 mm; (C), (D), (G), and (H), 200 nm.
(I–L) Bar graphs comparing the length of T-bar platforms (DD, n = 73 T-bars/3 brains; LL, n = 72/3) in the medulla (I), the number of T-bars (LD, n = 54 cartridges/3
brains; LL, n = 59/2) (J), the length of T-bar platforms (LD, n = 89 T-bars/3 brains; LL, n = 94/2) (K), and the number of SVs in 0–200-nm or 200–400-nm distance
from the T-bar center (LD, n = 89/3; LL, n = 94/2) (L) in the lamina. The number of T-bars in the lamina was reduced in LL. Mean values are shown, and error bars
represent SD. n.s. p > 0.05; **p < 0.005; unpaired t test with Welch’s correction two-tailed. See also Figure S3.puncta in R8 (Figure 3A). While most puncta colocalized with
Brp-short-cherry, a subset did not (Figure 3A), consistent with
observations at the NMJ (Fouquet et al., 2009). GFP-DLiprin-a
puncta were largely lost in LL (Figures 3B and 3J). GFP-DRBP
closely overlapped with the distribution of Brp-short-cherry
puncta in R8 axons (Figure 3C). After LL, GFP-DRBP puncta
were also reduced in number (Figures 3D and 3J). Thus, the
localization of three central AZ components, Brp, DLiprin-a,
and DRBP, was altered after exposure to LL. In contrast, while
in LD GFP-DSyd-1 or Cac-GFP puncta overlapped to a high
degree with Brp-short-cherry (Figures 3E and 3G), their localiza-
tion was not altered after continuous light exposure (Figures 3F,
3H, and 3J). Interestingly, a diffuse cytoplasmic signal of GFP-
DLiprin-a and GFP-DRBP could be detected in LL (Figures 3B,714 Neuron 86, 711–725, May 6, 2015 ª2015 Elsevier Inc.3D, and 3K), suggesting these proteins become cytoplasmic
after dissociation from the AZ.
Taken together, continuous exposure to light led to a molecu-
lar reorganization of AZs. Specifically, DLiprin-a, DRBP, and Brp
dissociated from a fraction of AZs, while DSyd-1 and Cac were
unaffected.
Neural Activity in Photoreceptors and Postsynaptic
Cells Modulates the Localization of Brp at the
Photoreceptor AZ
To investigate how prolonged exposure to light led to the reorga-
nization of the photoreceptor AZs, we tested the effects of
mutations that block the photoreceptor response to light.
Endogenous Brp-GFP BAC or Brp-short-cherry localization
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Figure 3. GFP-DLiprin-a and GFP-DRBP, but Not GFP-DSyd-1 or Cac-GFP, Are Delocalized in LL
(A, C, E, and G) Brp-short-cherry puncta in a single R8 (green in central and left panels) and GFP-DLiprin-a (A), GFP-DRBP (C), GFP-DSyd-1 (E), or Cac-GFP (G)
(magenta in left and right panels), respectively. White arrows in (A) indicate puncta with Brp-short-cherry, but no detectable GFP-DLiprin-a; yellow arrows
represent GFP-DLiprin-a puncta with no detectable Brp-short-cherry.
(B, D, F, and H) GFP-DLiprin-a (B), GFP-DRBP (D), GFP-DSyd-1 (F), or Cac-GFP (H) (magenta) in a single R8 axon in LD or LL. GFP-DLiprin-a puncta are largely
lost in LL yielding a diffuse signal (B). GFP-DRBP puncta are reduced in number, and a diffuse signal becomes visible (D). GFP-DSyd-1 (F) or Cac-GFP (H) puncta
are clearly identified also in LL. Scale bar, 5 mm.
(I) Scheme of analyzed AZ components.
(J) Boxplot comparing the number of GFP-DLiprin-a, GFP-DRBP, GFP-DSyd-1, or Cac-GFP puncta per axon in LD and LL. The number of GFP-DLiprin-a puncta
(LD, n = 67 axons/7 brains; LL, n = 52/6) and the number of GFP-DRBP puncta (LD, n = 70/7; LL, n = 83/6) are reduced in LL, but GFP-DSyd-1 (LD, n = 48/5; LL,
n = 69/7) or Cac-GFP (LD, n = 31/5; LL, n = 27/5) puncta number was not modified.
(K) The level of diffuse signal of GFP-DLiprin-a and DRBP-GFP detected in R8 axons (see Figure S1J) is increased in LL, while no changes are observed for GFP-
DSyd-1 or Cac-GFP. Mean values are shown, and error bars represent SD.
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Figure 4. Neural Activity in Histamine Chloride Channel-Positive Cells Controls the Delocalization of Brp in Photoreceptors
(A–H) Brp-GFP BAC puncta (green in left panels, gray in right panels) in a single R8 of norpA7 mutant flies maintained in LD (A) or LL (B), upon expression of UAS-
Ork1D-CwithRh6-Gal4 in LD (C) or LL (D), upon expression ofUAS-TrpA1withRh6-Gal4 in DD at 25C (E) or 29C (F), or upon expression ofUAS-shits1 withRh6-
Gal4 in LL at 25C (G) or 29C (H).
(I) Boxplot comparing the total number of Brp-GFPBAC puncta: norpA7 mutant in LD (n = 71 axons/7 brains) and LL (n = 97/10);UAS-Ork1D-C in LD (n = 51/7) and
LL (n = 49/9); UAS-TrpA1 in DD at 25C (n = 85/8), 29C (n = 78/8), and in control without UAS-TrpA1 in DD at 29C (n = 48/5); UAS-shits1 in LL at 25C (n = 71/7),
29C (n = 77/8), and in control without UAS-shits1 in LL at 29C (n = 39/4).
(legend continued on next page)
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was normal in LD in norpA mutants deficient in the phospholi-
pase C necessary to elicit a photo-activated potential (Bloom-
quist et al., 1988) (Figures 4A and S4A). Thus, activation of
photoreceptors was not required for the development of the
visual system, in agreement with previous data (Hiesinger
et al., 2006). Nonetheless, Brp redistribution in LL was sup-
pressed in norpAmutants, indicating that it depended on photo-
receptor activity (Figures 4B, 4I, S4B, and S4I). We next silenced
photoreceptors independently of phospholipase C activation.
We expressed in R8 UAS-Ork1D-C-GFP (Nitabach et al.,
2002), which leads to hyperpolarization of the resting membrane
potential, and found that Brpwas present in discrete puncta in LL
(Figures 4C, 4D, 4I, S4C, S4D, and S4I). Conversely, the expres-
sion in R8 of UAS-TrpA1 that causes sustained activation of the
photoreceptors at the restrictive temperature triggered delocal-
ization of Brp even in DD (Figures 4E, 4F, 4I, S4E, S4F, and S4I).
These results indicated that activation-induced depolarization of
R8 is required and sufficient to induce the delocalization of Brp.
Nonetheless, the delocalization of Brp in LL was suppressed
after blocking vesicle recycling and thus photoreceptor neuro-
transmitter release using UAS-shits1 at the restrictive tempera-
ture (Figures 4G–4I and S4G–S4I). In this condition activity within
the photoreceptor is unmodified, suggesting the involvement
of non-cell-autonomous components. We consequently ad-
dressed whether postsynaptic neuron response was relevant
for Brp relocalization at photoreceptor AZs. The transmitter uti-
lized by photoreceptors is histamine. In ort1 hiscl1134 histamine
receptor double mutants (Gao et al., 2008; Hong et al., 2006; Iov-
chev et al., 2002), the delocalization of Brp-short-cherry in LL
was suppressed (Figures 4J, 4K, and 4N). Ort and Hiscl1 are his-
tamine chloride channels and promote hyperpolarization of the
photoreceptor postsynaptic cells (Gisselmann et al., 2002; Liu
and Wilson, 2013). We therefore hypothesized that depolariza-
tion of the postsynaptic cells could suppress the delocalization
of Brp-short-cherry in LL in photoreceptors. Indeed, Brp-short-
cherry puncta were maintained in LL in animals expressing
TrpA1 in Ort-positive cells at the restrictive temperature (Figures
4L–4N) (Gao et al., 2008). These data indicated that the postsyn-
aptic cell response elicits the activity-dependent AZ modifica-
tions in photoreceptors.
Taken together, these results demonstrate that neural activity
modulates the molecular composition of AZs and reveal the
contribution of a feedback regulation between histamine recep-
tor-positive cells and the photoreceptors.
The Divergent Canonical Wnt Pathway Mediates the
Light-Dependent Alteration of AZs
Next, we carried out a candidate-based screen to identify the
molecular pathway underlying the feedback signal controlling
photoreceptor AZ organization. We selected molecules impor-
tant for synaptic formation and maintenance at the NMJ (Koles
and Budnik, 2012; Slabbaert et al., 2012). We thus revealed(J–M) Brp-short-cherry puncta (green in left panels, gray in right panels) in a single
expression of lexAop-TrpA1 with ort-LexA in LL at 25C (L) or 29C (M).
(N) Boxplot comparing the total number of Brp-short-cherry puncta: hiscl1134, ort1
LL at 25C (n = 104/6), 29C (n = 127/7), without lexAop-TrpA1 in LL at 29C (n =
Figure S4.that components of the divergent canonical Wnt pathway (Ciani
et al., 2004; Miech et al., 2008) (Figure 5A) are major players in
synaptic reorganization following prolonged light exposure.
To inhibit theWnt pathway, we induced in photoreceptors loss
of function of Arr/Lrp5/6 (low-density lipoprotein receptor-
related protein 5/6), an essential co-receptor in Wnt signaling
(He et al., 2004). Brp-short-cherry was delocalized in arr2mutant
photoreceptors in LD (Figures S5A and S5E). Dsh is a cytosolic
phosphoprotein required after Wg signaling through the
Frizzled2 and Arr co-receptors (Gordon and Nusse, 2006) (Fig-
ure 5A). In hemizygous dsh1 and transheterozygous dsh1/dsh3
animals, Brp-GFP BAC or Brp-short-cherry was delocalized in
LD (Figures 5C, 5F, S5B, and S5E). The dsh1 allele does not
affect the Armadillo-dependent Wnt pathway (Axelrod et al.,
1998; Boutros et al., 1998). Shaggy (Sgg), the Drosophila homo-
log of GSK3-b, is negatively regulated by Wnt signaling
(Figure 5A). Overexpression of Sgg in R8 resulted in Brp delocal-
ization, mimicking the phenotype of arr or dsh mutants (Figures
5D, 5F, S5C, and S5E). Sgg modulates microtubule organization
by phosphorylation of MAP1B/Futsch, leading to microtubule
destabilization (Figure 5A) (Go¨gel et al., 2006). futsch mutants
phenocopied the Brp delocalization in LD observed in arr and
dsh mutants and upon overexpression of Sgg (Figures 5E, 5F,
S5D, and S5E). Taken together, activation of the divergent
canonical Wnt signaling pathway maintained Brp localization at
photoreceptor AZs.
In arr2 or dsh1/dsh3 mutants and upon overexpression of Sgg,
the delocalization of Brp-short-cherry was significantly milder in
DD in comparison to LD (Figure S5F). Thus, suppression of the
divergent canonical Wnt pathway did not simply yield a develop-
mental defect in Brp-short-cherry localization, and exposure to
light was required for the delocalization of AZ components.
To address specifically whether the divergent canonical Wnt
pathway acted downstream of light experience, we activated
this pathway by increasing arr or decreasing sgg expression in
R8 in LL. Both conditions suppressed Brp delocalization (Figures
5G–5I and S5G–S5M).
Wingless (Wg) initiates the divergent canonicalWnt pathway at
the NMJ (Go¨gel et al., 2006; Packard et al., 2002). We found that
Wg overexpression in the photoreceptor postsynaptic neurons
partially suppressed Brp delocalization in LL (Figures S5N–
S5R). Thermogenetically driven activation of the Ort-lexA-
positive neurons led to a strong and patterned localization of
endogenous Wg in the medulla (Figure 5K) that resembled the
location of R7/8 axons (Figure 5L). We could not, however,
detect a discrete localization of endogenous Wg in the medulla
of flies maintained in the dark (Figure 5J), probably because
the expression is below detection level. Thus, Wg level or local-
ization in the medulla can be controlled by activity in the photo-
receptor postsynaptic neurons.
Taken together, these results point to the divergent canon-
ical Wnt pathway as a major player in the reorganization ofR8 of hiscl1134, ort1 double mutant flies maintained in LD (J) or LL (K), or upon
double mutant in LD (n = 19/3) and LL (n = 63/9); lexAop-TrpA1with ort-LexA in
90/4), or without ort-LexA in LL at 29C (n = 105/6). Scale bar, 5 mm. See also
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Figure 5. Suppression of the Divergent Canonical Wnt Pathway Contributes to the Relocalization of Brp after Prolonged Light Exposure
(A) Scheme of the divergent canonical Wnt pathway.
(B–E, G, and H) Brp-GFP BAC (green in left panels, gray in right panels) in R8 in control (B), in dsh1 mutant (C), upon overexpression ofUAS-sggwithRh6-Gal4 (D),
in futschN94 mutant (E) in LD, or upon overexpression of UAS-arr with Rh6-Gal4 (H), without UAS-arr as a control (G) in LL. Scale bar, 5 mm.
(legend continued on next page)
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photoreceptor AZs downstream of prolonged light exposure.
This pathway is operating in the dark while photoreceptor post-
synaptic neurons are active. LL suppresses Wnt signaling and
reduces Brp association with the AZ.
Microtubule Destabilization Promotes AZ
Reorganization
Since Futsch binds to microtubules leading to their stabilization,
we reasoned that microtubule organization might influence the
composition of the AZ. To test this hypothesis, we examined
microtubule organization in R8 using UAS-GFP-aTub84B (Fig-
ure 6A). We observed microtubule bundles and loops within R8
in M1, M3, or both M1 and M3 layers in LD (white arrows in Fig-
ures 6A and S6A–S6D). This organization of microtubules in R8
partly resembled that described at the Drosophila NMJ (Roos
et al., 2000; Ruiz-Canada et al., 2004). After LL the looping
microtubule bundles were largely lost, and the GFP-aTub84B
signal within R8 was distributed homogenously in M1 or both
M1 andM3 (yellow arrows in Figures 6B and S6E–S6G). In futsch
mutant R8 photoreceptors the number of microtubule threads
was reduced, and tubulin was more disorganized (Figures 6C,
6D, and 6G). Taken together, these data indicated that
prolonged exposure to light induces a reorganization of microtu-
bules within the R8 axons. Furthermore, microtubule organiza-
tion can be modulated by Futsch in this system.
We observed a tight correlation between microtubule organi-
zation and Brp localization. In fact, in regions of disorganized
tubulin, Brp-short-cherry invariably displayed a diffuse distribu-
tion. In contrast, in regions of the R8 axon containingmicrotubule
threads, Brp-short-cherry discrete puncta were readily detect-
able (Figures S6A–S6N). Since in futsch mutants Brp is already
delocalized in LD, wewondered whether the simple disorganiza-
tion of microtubules could cause Brp delocalization. Overex-
pression in R8 of Spastin, a microtubule-severing protein (Hazan
et al., 1999; Sherwood et al., 2004; Trotta et al., 2004), induced
loss of microtubule threads and microtubule disorganization
(Figures 6E–6G). Importantly, it also induced delocalization of
Brp-GFPBAC (Figures 6H–6J). Thus,microtubule destabilization
reduces Brp association with the AZ in photoreceptors.
Imac, a Drosophila homolog of Kinesin-3/Unc-104, is a micro-
tubule-dependent kinesin motor protein that plays a role in syn-
apse formation at the Drosophila NMJ by delivering synaptic
vesicle precursors to the synapse (Barkus et al., 2008; Pack-
Chung et al., 2007). In particular, axonal transport of Brp is
impaired in the ventral nerve cord of Imac mutant larvae (Kern
et al., 2013). To addresswhether Imac influences Brp localization
we overexpressed Imac in R8s. We found that in this condition
Brp-short-cherry is delocalized even in LD (Figures 6K and 6N).
Conversely, RNAi of Imac significantly suppressed the delocal-(F and I) Boxplots comparing the total number of Brp-GFP BAC puncta: (F) same
mutants (n = 70/8), overexpression of UAS-sgg (n = 47/7), and control minus UAS
puncta: UAS-arr (LD, n = 52/7; LL, n = 48/7) and control minus UAS-arr (LD, n =
(J–L) Confocal image of the medulla of animals carryingOrt-LexA and lexAop-Trp
top panels, gray in the bottom ones) and anti-CadN to highlight the medulla (blue
29C (65.2%, 15 brains/23 brains analyzed), but hardly in Ort-LexA > lexAop-Trp
29C (12.5%, 2/16). Scale bar, 20 mm. (L) Medulla of animals carryingRh6-GFPwit
(green in the left and central panels) and highlighted R8 (magenta in left and righization of Brp-short-cherry in LL, revealing that Imac is necessary
for Brp delocalization (Figures 6L–6N, S6O, and S6P). Thus, in
contrast to Imac’s developmental role of accumulating Brp at
the AZ, Imac seemed involved in the removal of Brp from the
AZ after prolonged exposure to light.
Taken together, we have revealed that AZ components in pho-
toreceptors undergo delocalization after extended exposure to
natural light, accompanied by loss of a subset of AZ T-bars.
This phenomenon was regulated by the divergent canonical
Wnt pathway via microtubule organization, by the kinesin Imac,
and by neural activity in histamine chloride channel-positive
cells. These results identify a feedback circuit from postsynaptic
neurons to presynaptic photoreceptors for altering the composi-
tion of presynaptic AZs (Figure 7).
DISCUSSION
Activity-Dependent Remodeling of Central Synapses
with Natural Stimuli
AZ components are involved in the control of synapse function,
including the docking and priming of synaptic vesicles and the
recruitment of voltage-gated calcium channels (Su¨dhof, 2012).
However, while the molecular establishment of AZs during
development has been a major focus of research for years, little
was known about the capacity of mature AZs to undergo molec-
ular changes (Lazarevic et al., 2011; Spangler et al., 2013). The
data presented here uncover that the molecular organization of
AZs in a sensory system can be modified in vivo by prolonged
exposure to an environmental stimulus.
Interestingly, not all components of the AZ that we investi-
gated changed their localization. Specifically, the number of
DSyd-1 or Cac puncta did not change in LL. DSyd-1 is a central
component of fly AZs at the NMJ, which appears early during AZ
formation in development and is required for the localization of
Brp and of DLiprin-a (Li et al., 2014; Owald et al., 2010). Thus,
DSyd-1 and Cac might constitute an AZ core after the comple-
tion of development, while DLiprin-a, DRBP, and Brp represent
more plastic components of the AZ. This model is consistent
with previous studies of Liprin-a2 turnover at the AZ in mouse
hippocampal neurons in culture, indicating that the dynamics
of AZ association of RIM and CASK depend on Liprin-a2 (Span-
gler et al., 2013). The presence of an unmodified number of Cac
clusters in LL might appear surprising given that brp or DRBP
mutant NMJs display disorganized and reducedCac signal (Fou-
quet et al., 2009; Liu et al., 2011). Nonetheless, it suggests that
the adult AZ remodeling we describe does not simply recapitu-
late a reversal of AZ developmental assembly. Interestingly, pre-
synaptic densities are still present in photoreceptors after brp
knockdown (Wagh et al., 2006). It is an appealing hypothesisbackground control (n = 57 axons/8 brains), dsh1 mutants (n = 56/8), futschN94
-sgg (n = 31/4) in LD; (I) boxplots comparing the total number of Brp-GFP BAC
31/4; LL, n = 39/4).
A1 at 25C (J) or 29C (K), immunolabeled with anti-Wg antibodies (green in the
, top panels). Endogenous Wg was upregulated in Ort-LexA > lexAop-TrpA1 at
A1 at 25C (8.3%, 1/12), Ort-LeXA at 29C (7.1%, 1/14), or in lexAop-TrpA1 at
hOrt-LexA and lexAop-TrpA1 at 29C, immunolabeled with anti-Wg antibodies
t panels). Scale bar, 5 mm. See also Figure S5.
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Figure 6. Exposure to Light Induces Microtubule Disorganization
(A–F) GFP-aTub84B (gray) in one R8 axon in LD (A) and LL (B), in control futschN94/+ (C), futschN94 mutant (D), control Rh6-Gal4 (E), or Rh6-Gal4 UAS-spas (F).
futschN94/+ (C) and control Rh6-Gal4 (E) display tubulin threads. futschN94 mutants (D) or Rh6-Gal4 UAS-spas (F) display disorganized tubulin. White arrows point
to loops (microtubule threads), and yellow arrows point to diffuse tubulin signal (disorganized tubulin). Scale bar, 5 mm.
(G) Quantification of the GFP-aTub84B phenotypes. Number of R8s examined for the control in LD (n = 126 axons/9 brains), control in LL (n = 95/6), futschN94/+
(n = 95/6), futschN94 (n = 112/5), Rh6-Gal4 control (n = 253/17), or Rh6-Gal4 UAS-spas (n = 145/9).
(H and I) Brp-GFP BAC (green, left panels; gray, right panels) and mAb24B10 highlighting R7 and R8 (red, left panels) in one R8 axon in Rh6-Gal4 control (H) or
Rh6-Gal4 UAS-spas (I) in LD at 29C.
(legend continued on next page)
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Figure 7. A Model of the AZ Remodeling upon Prolonged Light Exposure
(A) In DD or LD, photoreceptors are not activated or activated for a restricted period of time. While photoreceptors are not activated, postsynaptic histamine
chloride channel-positive cells are not hyperpolarized. In these conditions, a feedback signal mediated by the divergent canonical Wnt pathway promotes
microtubule stability in presynaptic photoreceptors to maintain the basic AZ structure.
(B) In LL, photoreceptors are active for an extended period of time, and the postsynaptic neurons become hyperpolarized. This condition suppresses the Arrow-
mediated activation of the divergent canonical Wnt pathway, leading to microtubule disorganization and consequently to AZ remodeling, including delocalization
of Brp, DLiprin-a, and DRBP.that the DSyd-1- and Cac-positive puncta remaining after LL
exposure represent sites at which T-bars can be rapidly reas-
sembled in reduced light conditions.
Brp is an essential structural component of the T-bar, and
upon brp knockdown in the nervous system T-bars are largely
lost at larval NMJs or within photoreceptor terminals in adult lam-
ina cartridges (Wagh et al., 2006). It is thus not surprising that we
find a reduced number of T-bars in photoreceptors, correlating
with the diminished number of Brp puncta. The remaining
T-bars appear of normal size and shape in electronmicrographs,
suggesting that the net effect of prolonged, mild illumination is
the loss of T-bars from a subset of AZs, leaving behind a
DSyd-1 and Cac punctum. Knockdown of brp in photoreceptors
suppresses synaptic transmission downstream of photore-
ceptor activation (Wagh et al., 2006). We propose that the loss
of a subset of T-bars in photoreceptors yields a reduced
response to light in photoreceptor postsynaptic neurons.
Indeed, we found that themedulla Tm9 neuron response tomov-
ing bar stimuli in flies exposed to LL was reduced. Thus, revers-
ible loss of photoreceptor T-bars could contribute to adaptation
to prolonged light exposure in the visual system.
Our current results are in line with previous evidence pointing
to the rapid changes of photoreceptor T-bar number in response
to light in dark-adapted flies (Rybak and Meinertzhagen, 1997).(J) Boxplot comparing the total number of Brp-GFP BAC puncta: control Rh6-Ga
(K) Brp-short-cherry (green, left and middle panels) and Imac-GFP (magenta, le
overexpression of Imac-GFP.
(L and M) Brp-short-cherry (green, left panels; gray, right panels) andmAb24B10 h
(L) or Rh6-Gal4 UAS-imac RNAi (M) in LL at 29C.
(N) Boxplot comparing the total number of Brp-short-cherry puncta: control Rh6-
Gal4 (n = 98/7) and Rh6-Gal4 UAS-imac RNAi in LL (n = 66/6). See also Figure SFurthermore, our data offer a striking parallel with the capacity
of vertebrate photoreceptor ribbon synapses to undergo struc-
tural changes upon light exposure during the diurnal cycle (Abe
and Yamamoto, 1984; Adly et al., 1999; Balkema et al., 2001;
Mercer and Thoreson, 2011; Spiwoks-Becker et al., 2004; Voll-
rath and Spiwoks-Becker, 1996).
Taken together, the picture emerging from our in vivo data is
that the T-bar is a molecularly plastic structure, responsive to
changes in activity.
The Divergent Canonical Wnt Pathway Acts
Downstream of an Activity-Dependent Feedback Loop
to Reorganize AZ Composition
Utilizing rodent primary neuronal cultures, two recent studies
pointed to the possibility that the molecular composition of
AZs can be modulated in mature synapses (Lazarevic et al.,
2011; Spangler et al., 2013). Nonetheless, the pathway eliciting
the observed changes in those studies had remained unclear.
Here, we have demonstrated that the divergent canonical Wnt
signaling pathway is a major effector downstream of light stimu-
lation, modulating molecular composition of synapses in vivo.
Our data indicate that postsynaptic neuron response is an
important determinant of presynaptic AZ remodeling and reveal
a feedback control on AZ composition.l4 (n = 31/4) and Rh6-Gal4 UAS-spas (n = 117/13).
ft and right panels) in one R8 axon. Brp-short-cherry signals delocalized after
ighlighting R7 and R8 (red in the left panels) in one R8 axon in control Rh6-Gal4
Gal4 (n = 169/10) and Rh6-Gal4 UAS-imac-GFP (n = 95/5) in LD; control Rh6-
6.
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While our data suggest that Wg initiates the Wnt pathway in
the photoreceptors, the source of the feedback signal has re-
mained elusive. It is conceivable that Wg itself represents the
feedback signal released from the postsynaptic neurons in the
dark. In this context, the discrete pattern of endogenous Wg
localization elicited byOrt-LexA-positive neuron activationmight
reflect that Wg is captured on the photoreceptor membrane.
Alternatively, the feedback signal could be encoded by other
molecular players and ultimately lead to the release of Wg either
from photoreceptors yielding autocrine activation via Arr or from
other cellular sources, including neighboring glia (Kerr et al.,
2014; Miech et al., 2008).
Interestingly, genetic analysis did not reveal a role of the re-
ceptors Frizzled or Frizzled2 (data not shown), suggesting redun-
dancy or a specific molecular composition.
Neural activity stimulates the release ofWnts in the developing
and mature nervous system in mammals and flies (Ataman et al.,
2008; Chen et al., 2006; Chiang et al., 2009; Gogolla et al., 2009).
At the Drosophila larval NMJ, for instance, elevation of synaptic
activity induces release of Wg from presynaptic boutons and in-
hibition of Sgg, resulting in structural and functional modifica-
tions (Ataman et al., 2008). In line with this, we also revealed a
striking accumulation of Wg in the medulla in response to forced
activation of the Ort-positive neurons. Thus, Wnts appear to be
conserved sensors of activity. In turn they contribute to plastic
processes, including LTP (Chen et al., 2006). In particular, the
divergent canonical Wnt signaling pathway is involved in synap-
tic plastic processes in flies and higher vertebrates (Budnik and
Salinas, 2011). A similar pathway regulates presynaptic remod-
eling in the zebrafish retinotectal projection and in mammalian
cerebellar mossy fibers (Salinas and Zou, 2008).
Interestingly, we found that the inhibition, rather than the acti-
vation, of Wnt divergent canonical signaling represents the
plasticity signal promoting AZ remodeling at the Drosophila
photoreceptor AZ.
Microtubule Reorganization Affects AZ Remodeling
We describe here the presence of microtubule loops within the
axons of photoreceptors, that are sensitive to light exposure
and to the function of Futsch. Microtubule loops appear as a
typical feature of stable axonal terminals, and their disorganiza-
tion correlates with plastic changes (Hall et al., 2000; Lucas and
Salinas, 1997; Purro et al., 2008). Futsch and microtubules are in
close proximity to AZs observed with high-resolution micro-
scopy (Lepicard et al., 2014). Furthermore, a-tubulin was identi-
fied in the ‘‘interactome’’ of the Drosophila protein phosphatase
2A regulatory subunit B0 (Well Rounded), a partner of Liprin-a (Li
et al., 2014). These data suggest the possibility of plastic interac-
tions between AZs and microtubule organization. This hypothe-
sis is strengthened by our data showing that removal of the
microtubule loops by the microtubule-severing protein Spastin
induces Brp delocalization.
AZcomponents and synaptic vesicles are transported in axons
along microtubules (Ahmari et al., 2000). For instance, the
Syntabulin/KIF5 complex delivers the AZ component Bassoon
along axons of cultured neurons in an activity-dependent fashion
(Cai et al., 2007).We found that the Kinesin-3 Imac is essential for
the redistribution of Brp-short-cherry in LL. It is therefore722 Neuron 86, 711–725, May 6, 2015 ª2015 Elsevier Inc.conceivable that microtubule organization supports microtu-
bule-based transport to control synapse composition.
In conclusion, our data identify changes in composition of
AZs at central synapses upon environmental stimuli and the
molecular machinery that actively contributes to them. We antic-
ipate that the reversible modulation of AZ composition could
contribute to adaptation of the visual system to light. Potentially,
it could promote neuroprotection after prolonged activation.
EXPERIMENTAL PROCEDURES
Fly Strains
The lines used in this study are listed in Table S1. The specific genotypes uti-
lized in this study are listed in Table S2.
Light Exposure Conditions
Flies were kept in LD cycle at 25C from the larva stage to eclosion. Then, un-
less otherwise described, flies were kept for 1–3 days under one of the
following conditions: DD, LD, or LL at 25C or 29C. Illumination by an LED
lamp (SLV) was provided with an average intensity of about 1,000 lux.
Immunohistochemistry and Imaging
The experimental procedures for brain dissection, fixation, and immunostain-
ing were as described previously (Wu and Luo, 2006). To visualize specifically
Cac-GFP, brains were fixed in PLP fixative (10mM sodium periodate, 72.5mM
DL-Lysine, 2.8% paraformaldehyde, 16 mM Na2HPO4, 13 mM MaH2PO4
[pH 6.8]) for 1 hr at 4C. The following primary antibodies were used:
mAb24B10 (1:50, DSHB), rat anti-CadN (Ex#8, 1:50, DSHB), mouse anti-Wg
(4D4, 1:100, DSHB), and mouse anti-V5 (1:2,000, Life Technologies). The sec-
ondary antibodies were Alexa488, Alexa568, or Alexa633-conjugated (1:400,
Life Technologies). Images were obtained with a Zeiss LSM780 confocal
and processed with ImageJA 1.45b (NIH) and Photoshop CS5 (Adobe).
Phenotype Quantification
To quantify the number of puncta with the various markers, we generated
confocal image stacks with a step size of Z = 0.5 mm, reconstructed 3D
images, and analyzed them with Imaris software (version 7.6.0) or manually
as described in detail in the Supplemental Information. Diffuse level of GFP-
DLiprin-a, GFP-DRBP, GFP-DSyd-1, and Cac-GFP along each neuron was
calculated with a customized Imaris plugin written in MATLAB (Mathworks)
and described in the legend of Figure S1 and in the Supplemental Experimental
Procedures.
For quantification of microtubule organization 3D reconstructions of
confocal image stacks with a Z step size of 0.5 mm were analyzed with
ImageJA 1.45b (NIH). Categories were as explained in Figures S6A–S6N.
Electron Microscopy
Two different procedures were used for medulla and lamina samples, as in the
medulla we needed to label the photoreceptors. Full procedure description is
in the Supplemental Information. Briefly, for themedullaGMR-Gal4/UAS-CD2-
HRP flies were dissected in PBS and fixed with 0.1% glutaraldehyde, stained
with DAB, and post-fixed with 1% OsO4 in 0.1 M cacodylate buffer, dehy-
drated through a graded series of ethanol, and embedded in Epon. Thin sec-
tions (70 nm) of medullas were stained with Reynolds’ lead solution. T-bar
images within DAB-positive R8 terminals were collected. For the lamina, fly
heads were fixed overnight with 2.5% glutaraldehyde and 2% paraformalde-
hyde in 0.1 M sodium cacodylate buffer. They were post-fixed with 1%
osmium tetroxide, stained en bloc with 0.5% aqueous uranyl acetate, dehy-
drated in ethanol, and embedded in Epon. Ultra-thin tangential sections of
laminas (70 nm) were stained with uranyl acetate and lead citrate. Random
lamina sections were imaged. Images were obtained at magnification 3100k
with a VELETA CCD Camera (Olympus Soft Imaging Solutions) mounted on
a JEM 1010 transmission electron microscope (JEOL). The length of the
T-bar platforms and the height of the T-bars were measured with the freehand
line tool in ImageJA 1.45b (NIH). The number of T-bars in the axonal terminal of
R1–R6 and SVs within a distance of 200 nm or 400 nm from themiddle of T-bar
pedestals was counted by hand.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, three tables, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.neuron.2015.03.046.
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